Using the recently upgraded Polaris diffractometer at the ISIS Spallation Neutron Source (Rutherford Appleton Laboratory), the crystal structures of the post-perovskite polymorphs of NaCoF 3 and NaNiF 3 have been determined by time-of-flight neutron powder diffraction from samples, of mass 56 and 16 mg, respectively, recovered after synthesis at $20 GPa in a multi-anvil press. The structure of post-perovskite NaNiF 3 has also been determined by single-crystal synchrotron X-ray diffraction for comparison. All measurements were made at atmospheric pressure and room temperature. Despite the extremely small sample size in the neutron diffraction study, there is very good agreement between the positional parameters for NaNiF 3 obtained from the refinements of the X-ray and neutron data. Relative to the commonly used oxide postperovskite analogue phases having calcium as the A cation, the axial ratios and derived structural parameters of these fluoride post-perovskites are more consistent with those of Mg 0.91 Fe 0.09 SiO 3 at high pressure and temperature. The structures of NaCoF 3 and NaNiF 3 are very similar, but the unit-cell and CoF 6 octahedral volumes of NaCoF 3 are larger than the corresponding quantities in NaNiF 3 , which supports the hypothesis that the Co 2+ ion has a high-spin state in this compound. The anisotropic atomic displacement parameters of the Na ions in NaNiF 3 post-perovskite are of similar magnitude to those of the F ions. The probability ellipsoid of the F1 ion is a prolate spheroid with its largest component parallel to the b axis of the unit cell, corresponding to rotational motion of the NiF 6 octahedra about the a axis of the crystal. Although they must be synthesized at pressures above about 18 GPa, these ABF 3 compounds are strongly metastable at atmospheric pressure and room temperature and so are highly suitable for use as analogues for (Mg,Fe)SiO 3 post-perovskite in the deep Earth, with significant advantages over oxides such as CaIrO 3 or CaPtO 3 . research papers 1940 Alex Lindsay-Scott et al. Time-of-flight neutron powder diffraction with mg samples
Introduction
The post-perovskite phase of MgSiO 3 (e.g. Murakami et al., 2004; Oganov & Ono, 2004; Tsuchiya et al., 2004) is thought to form a major component of the D 00 region of the lowermost part of the Earth's mantle. However, MgSiO 3 post-perovskite is itself stable only at very high pressure and temperature ($125 GPa at 2500 K; Tateno et al., 2009) , making it extremely difficult to measure many of its physical properties. To further our understanding of this material, A 2+ B 4+ O 3 oxide analogue systems, such as CaIrO 3 and CaPtO 3 , that may be synthesized at low (or atmospheric) pressure and that are stable (or strongly metastable) under ambient conditions have been widely studied, but it has been suggested that A + B 2+ F 3 fluoride post-perovskites may prove to be more suitable for this purpose. Relatively large volumes ($10 mm 3 ) of both NaCoF 3 and NaNiF 3 post-perovskites have been synthesized using standard multi-anvil presses and are recoverable to ambient conditions Shirako et al., 2012; Yusa et al., 2012) . In comparison with oxide analogues such as CaIrO 3 or CaPtO 3 , the atomic mass ratios of the fluorides are much more similar to those of MgSiO 3 , as are the axial ratios of their unit cells . The value of these fluoride analogues in understanding the D 00 region has already been demonstrated, as studies of partially transformed single crystals of NaNiF 3 have revealed the topotactic nature of the perovskite to post-perovskite phase transition (Dobson et al., 2013) ; assuming that a similar transformation mechanism operates in MgSiO 3 in the Earth, this textural inheritance, combined with deformation-induced lattice-preferred orientation in post-perovskites, can explain the observed patterns of seismic anisotropy in the lowermost mantle. A further advantage of fluoride over oxide post-perovskite analogues is that accurate atomic coordinates for NaCoF 3 and NaNiF 3 are more easily obtained by X-ray diffraction than for CaIrO 3 and CaPtO 3 as the scattering from them is not dominated by a single species of atom and their X-ray absorption is much less. The strong scattering of the B cation is, however, advantageous for the determination, by X-ray diffraction, of the equations of state of these oxides (e.g. Boffa- Ballaran et al., 2007; Lindsay-Scott et al., 2007 , 2010 . The crystal structure of CaIrO 3 has been determined by single-crystal X-ray diffraction, but only at atmospheric pressure and room temperature (Sugahara et al., 2008; Hirai et al., 2009) . The crystal structure of CaIrO 3 has also been investigated at high temperature by synchrotron X-ray powder diffraction (Martin, Chapman et al., 2007; Martin, 2008) and by powder neutron diffraction as a function of both temperature and pressure (Martin, Smith et al., 2007) . Unfortunately, this material is not well suited to either of these techniques because of the dominant scattering of the Ir atoms for X-rays and the very high absorption cross section of Ir for thermal neutrons. Atomic coordinates for CaPtO 3 from X-ray powder diffraction at atmospheric pressure and room temperature have been reported by Inaguma et al. (2008) and by Ohgushi et al. (2008) , but, once again, the scattering from the Pt atoms dominates the X-ray diffraction pattern. More recently, powder neutron diffraction has been used to investigate the change in crystal structure of CaPtO 3 as a function of both temperature and pressure . However, although the neutron absorption cross section of Pt is much less than that of Ir it is not negligible, and it was found during this study that the refined The NaCoF 3 post-perovskite structure (after Fig. 1 of Lindsay-Scott et al., 2011) . (a) The structure viewed along the a axis. The F atoms that link the corners of the octahedra are labelled F1, and those linking their edges are labelled F2. Bonds, F-F distances and tilt angles referred to in the text are shown as dashed lines. (b) The structure viewed along the c axis, showing the coplanar ions F2a, F2b, F2c and F2d and the angle p made by F2a-Co-F2d. The PPV structure is conventionally defined by the three unit-cell parameters, a, b and c, and the four variable atomic coordinates, Na y, F1 y, F2 y and F2 z. However, it may instead be defined by the four bond lengths, Co-F1, Co-F2, Na-F1 and Na-F2, and the three interatomic angles, Á 1 , Á 2 and p, shown in the figure (for further details see Lindsay-Scott et al., 2011). values of the atomic displacement parameters showed some dependence on the form of the corrections that were made both for absorption and for preferred orientation. It was considered, therefore, that, in general, only isotropic atomic displacement parameters could be determined, although the results from an anisotropic refinement at high temperature (869 K) were also presented.
At present, structural data on the ABF 3 post-perovskite analogues are sparse, the only sets of atomic coordinates from experiments being those obtained from synchrotron X-ray powder diffraction data for post-perovskite NaMgF 3 at high pressure and room temperature (Martin et al., 2006) and for post-perovskite NaNiF 3 at atmospheric pressure and room temperature ; coordinates for NaMgF 3 from ab initio simulations have also been published by Umemoto et al. (2006) and by Umemoto & Wentzcovitch (2006) . Bond lengths and bond angles (but not atomic coordinates) for post-perovskite NaZnF 3 have been given by Akaogi et al. (2014) and some interatomic distances and angles for NaMnF 3 by Garcia-Castro et al. (2014) . In this paper we report measurements of the crystal structures of NaCoF 3 and NaNiF 3 post-perovskites at atmospheric pressure and room temperature. The structures of both compounds have been determined by time-of-flight neutron powder diffraction from data collected on the newly refurbished Polaris diffractometer at the ISIS spallation neutron source (STFC Rutherford Appleton Laboratory, UK). The much increased count rate of this instrument (with its large detector coverage) now permits the collection of neutron powder diffraction data from the necessarily small samples recovered from syntheses in a multianvil press, experiments which previously would have been considered the preserve of X-ray diffraction techniques. Both NaCoF 3 and NaNiF 3 magnetically order below about 25 K , and neutron diffraction provides the means of determining the magnetic structure of the material, which is essential for validation of ab initio computer simulations of the two compounds. In addition, we also report here a structure refinement of NaNiF 3 post-perovskite from singlecrystal X-ray diffraction data (the first for any fluoride postperovskite) collected at the I15 beamline at the Diamond Light Source (Harwell Science and Innovation Campus, UK).
The post-perovskite structure (shown in Fig. 1 ) is described in detail by Lindsay-Scott et al. (2011) for the case of CaPtO 3 . It is orthorhombic, with space group Cmcm, Z = 4 and cell parameters (for the ABF 3 compounds) a ' 3.1, b ' 10.1, c ' 7.5 Å . The B cations lie on the 4a sites (0, 0, 0), the A cations and F1 anions lie on the 4c sites (0, y, 1 4 ) (with y ' 0.25 and y ' 0.93, respectively), and the F2 anions lie on the 8f sites (0, y, z) (with y ' 0.63 and z ' 0.06). Although this approach is possibly over simplistic (see Lindsay-Scott et al., 2011, for further discussion), the structure of the ABF 3 post-perovskites is most often viewed as being composed of BF 6 octahedra that are linked by sharing edges (formed by two F2 ions) into chains that run parallel to the a axis. These chains are then linked parallel to the c axis by sharing corners (F1 ions), so as to form sheets of octahedra lying parallel to (010). The sheets of octahedra are separated along b by planar interlayers of A cations. The A cations then become eightfold coordinated by F anions, with the AF 8 coordination polyhedron taking the form of a hendecahedron (or undecahedron) with 11 faces.
Experimental method 2.1. Sample synthesis
The powder sample of NaCoF 3 was prepared from a stoichiometric mixture of the simple fluorides at 20 GPa and 1073 K using an 18/8 sample assembly in the 5000 tonne press installed at the Bayerisches Geoinstitut. The sample capsule, constructed from 12.5 mm-thick gold foil, was a cylinder, 1.6 mm in diameter and 2.5 mm long, and the sample was maintained at 1073 K for 24 h. Three such syntheses were then combined to give a sample volume of $14 mm 3 , equivalent to a sample mass of $56 mg. The NaNiF 3 samples were prepared from stoichiometric mixtures of NaF and NiF 2 in 10/3.5 sample assemblies at 22 GPa at the ETH, Zurich. For the synthesis of the NaNiF 3 powder a cylindrical platinum foil capsule was used, 12.5 mm thick, 1.6 mm in diameter and 2 mm long, giving a sample volume of $4 mm 3 corresponding to a mass of $16 mg. The sample was synthesized at 1073 K and maintained at this temperature for 24 h. Single crystals of NaNiF 3 were hydrothermally grown using a technique similar to that described by Dobson & Jacobsen (2004) . A welded platinum capsule (1.2 mm outer diameter, 150 mm wall thickness and 2.4 mm long) was filled to 2/3 of its depth with a stoichiometric mixture of NaF and NiF 2 and the remainder of the capsule was filled with water. Once the sample had been brought to a pressure of 22 GPa, the temperature was held at 1173 K for 2 h, after which it was slowly cooled in a saw-tooth temperature-time path to 723 K, taking a further 6.5 h. This produced a radiating array of fine needles of post-perovskite of about 100 Â 10 Â 10 mm. All synthesis experiments were temperature quenched by cutting power to the furnace and subsequently slowly decompressed over a period of about 15 h.
Neutron powder diffraction
The time-of-flight powder neutron diffraction experiments in this study were performed using the Polaris medium resolution diffractometer at the ISIS neutron source, STFC Rutherford Appleton Laboratory, UK. Following an upgrade and rebuild (Smith et al., 2015) , this instrument became operational in May 2012. The experiment described here was carried out during commissioning to test the instrument's performance when examining samples that previously would have been considered as extremely small for neutron powder diffraction; details of the instrument are provided in the supporting information [S1; for details of the software Full-Prof see Rodriguez-Carvajal (1993 ]. 1 Before putting the samples in the diffractometer their metal capsules were removed, but to minimize the risk of back transformation to the perovskite phase the samples were not research papers ground prior to the data collection. During this process, the NaCoF 3 sample (total volume $14 mm 3 , equivalent to $56 mg) broke into about ten fragments; the much smaller NaNiF 3 sample (total volume $4 mm 3 , equivalent to $16 mg) broke into two pieces of roughly equal size. In order to mount them in the diffractometer, the samples were placed in quartz glass capillary tubes, 1.5 mm in diameter (supplied by Hilgenberg, GmbH), as shown in Fig. 2 . As part of the assessment of the performance of the new Polaris instrument, in particular the counting times required to obtain good structural parameters, diffraction patterns were collected in the five Polaris detector banks for cumulative ISIS proton beam currents of 6364 mAh for NaCoF 3 and 8227 mAh for NaNiF 3 , with data sets saved (in both cases) at 150, 300, 600, 1200, 2400 and 4800 mAh. The ISIS proton beam current at the time of the experiment was 150 mA, and so the total data collection time was $42 h for NaCoF 3 and $55 h for NaNiF 3 (these extended counting times were chosen as this was a commissioning experiment investigating the count rate of the upgraded diffractometer with extremely small samples). Subsequent analysis of the incremental data sets, however, revealed that there was little or no improvement in the precision of the refined structural parameters for counting times of longer than 16 h (equivalent to 2400 mAh) for both NaCoF 3 and NaNiF 3 [see the supporting information (S2) for details of the refinements of the data measured at shorter counting times]. Detailed discussion of this aspect of the experiment lies outside the scope of the present paper, in which we present only the results obtained from the data sets with the longest counting times (i.e. 6364 mAh for NaCoF 3 and 8227 mAh for NaNiF 3 ); it should be stressed, however, that effectively identical results for both compounds (with cell parameters, atomic coordinates and isotropic atomic displacement parameters all within 1.5 standard uncertainties of the values presented here) could actually have been obtained from these very small samples with data collection times of only 16 h duration on the Polaris instrument.
After normalization to the incident beam flux, focusing to mean flight paths and Bragg angles, and correction for detector efficiency, the logarithmically binned data were then fitted to obtain unit-cell and structural parameters by Rietveld refinement as implemented in the GSAS suite of programs (Larson & Von Dreele, 1994) with the EXPGUI graphical interface (Toby, 2001 ). Peak shapes were described using the GSAS time-of-flight profile function 3, which is a convolution of two back-to-back exponential functions with a pseudo-Voigt function. It was found that a simultaneous (multibank) refinement of the data from detector banks 3, 4 and 5, at mean Bragg angles of $52, $93 and $147 , respectively, covering in total a d-spacing range of $0.35-3.5 Å , gave the most precise results (the precise d-spacing ranges used, for banks 3, 4 and 5, respectively, being NaCoF 3 , 0.5020-3. 4933, 0.3498-3.1980, 0.4446-2.5940 The NaCoF 3 (left) and NaNiF 3 (right) post-perovskite samples used for the time-of-flight neutron powder diffraction experiments on Polaris. The diameter of the quartz glass tubes in which the samples are contained is 1.5 mm (Photograph copyright STFC).
Figure 3
Observed (points), calculated (line) and difference (lower trace) neutron powder diffraction patterns for Rietveld refinements of data from Polaris detector bank 5 of (a) NaCoF 3 and (b) NaNiF 3 . The tick marks show the positions of the Bragg reflections; the lower marks in (a) are from Au and those in (b) are from Pt. The inset diagrams show the region 0.445 < d < 0.66 Å in greater detail. The rise in the background as the d spacing increases comes from the quartz glass capillary tubes used to contain the samples. 0.4248-2.4568 Å ). Weak reflections corresponding to traces of Pt and Au from the synthesis capsules were found to be present in the diffraction patterns from NaNiF 3 and NaCoF 3 , respectively, and so these phases were included in the refinements. These secondary phases, being rolled metal foils, showed evidence of being strongly textured and so they were included using the structure-independent Le Bail method (Le Bail et al., 1988) . The post-perovskite phases were refined using isotropic displacement parameters for all atoms; the introduction of anisotropic displacement parameters did not produce any significant improvement in the fit and their use was felt to be unjustifiable in view of the limited resolution of Polaris at short d spacings and consequent high level of peak overlap [the results of refinements using anisotropic displacement parameters are listed in the supporting information (S3)]. Similarly, no preferred orientation correction was applied, as we found that its introduction (by spherical harmonic approximations) did not significantly improve the fit. The fitted diffraction patterns for both NaCoF 3 and NaNiF 3 post-perovskite for the detector bank (Bank 5) with the highest Bragg angle and best resolution are shown in Fig. 3 .
Synchrotron single-crystal X-ray diffraction
The crystal of NaNiF 3 analysed had size 30 Â 10 Â 5 mm and was investigated by synchrotron X-ray diffraction at the Diamond Light Source Ltd in the extreme conditions beamline (I15). The experiment was performed using a fully focused beam of = 0.20675 Å , as calibrated by diffraction from a NIST ruby sphere. A 20 mm circular pinhole defined the beam size and shape. The crystal was mounted with a MiTeGen micro loop on the diffractometer. Data were then collected with an Atlas CCD detector (Agilent technologies) scanning ' and ! with a width of 1 . The ' scan was performed in the range from À60 to +120 at = À137.75 , ! = 56 , while the ! scan was performed from 15 to 95 at ' = 98.00 and = À134.75 ; the minimum d spacing was 0.4286 Å . Data were then treated within the CrysAlis software package (Agilent Technologies, Yarnton, UK).
The crystal structure was solved in space group Cmcm with the atomic coordinates reported chosen to correspond to those quoted by Lindsay-Scott et al. (2011) . The structure was solved and refined using the WinGX V1.70 package (Farrugia, 1999) and SHELX software (Sheldrick, 2008) . The atomic displacement parameters were refined anisotropically, with the number of unique reflections collected being 30 times the number of refined parameters. Taking into account the crystal size and shape, we consider the structure refinement obtained here to be extremely satisfying, with an agreement factor R1 = 6.7% for the 438 reflections having F obs > 4(F obs ) and the principal mean-square atomic displacements all positive and well above zero.
Results and discussion
The unit-cell parameters, atomic coordinates and displacement parameters for the NaCoF 3 and NaNiF 3 post-perovskite samples are listed in Table 1 , together with selected agreement factors for the refinements. To enable direct comparison between the results of our neutron powder diffraction and single-crystal X-ray studies, two sets of structural parameters are presented for the latter; the first (Table 1b) for a refinement made with isotropic atomic displacement parameters and the second (Table 1c ) for a refinement with anisotropic atomic displacement parameters.
The unit-cell volumes for NaNiF 3 from the X-ray and neutron refinements in the present work agree well, and the cell dimensions for both NaCoF 3 and NaNiF 3 are consistent with those obtained previously by Dobson et al. (2011) , Yusa et al. (2012) and (for NaNiF 3 ) Shirako et al. (2012) . Structural data have not been previously reported for NaCoF 3 postperovskite. For NaNiF 3 , there is very good agreement between Table 1 Unit-cell volume, unit-cell parameters, atomic fractional coordinates, isotropic displacement parameters (U iso ) and refinement statistics for NaCoF 3 and NaNiF 3 post-perovskites at ambient temperature and pressure: (a) as determined by neutron powder diffraction at the ISIS Polaris beamline; (b) as determined by X-ray single-crystal diffraction at the Diamond Light Source I15 beamline; (c) as for (b) but with anisotropic displacement parameters.
Numbers in parentheses are estimated standard uncertainties and refer to the least-significant digits. U values are Â10 2 Å 2 . In (c), U ij values that are not listed are required by symmetry to be zero, and the U iso values given in italics are isotropic averages (= 1 3 P U ii ). In (a) R wp is the weighted profile R factor. In (b) and (c) the R factor (R1) is based on F [F obs > 4(F obs )] and the goodness of fit (GoF) is based on F 2 (all reflections).
R wp 2 NaCoF 3 231.626 (8) 3.06748 (6) 10.1243 (2) 7.4583 (1) 0.2550 (2) 1.67 (3) 0.52 (3) 0.9238 (1) 0.82 (2) 0.62881 (7) 0.05985 (8) 0.90 (1) 0.0259 3.474 NaNiF 3 225.102 (4) 3.02785 (5) 10.0503 (2) 7.3971 (1) 0.2542 (2) 1.40 (5) 0.98 (7) 1.50 (10) 1.91 (10) 0.08 (8) the positional parameters from our X-ray and neutron studies; three of the four atomic coordinates shown in Table 1 (a) and (b) agree to within error, and the values for the fourth, the z coordinate of F2, differ by only just over three estimated standard uncertainties. In this connection it is perhaps significant that F2 z is the fractional coordinate that shows the greatest change on moving from a model with isotropic to anisotropic displacement parameters (Table 1b and c). The agreement with the fractional coordinates for NaNiF 3 determined previously from X-ray powder data by Shirako et al. (2012) is less good and lies outside the range of statistical variation, although in absolute terms the differences in the positions of the atoms (up to $0.02 Å ) are not large. The isotropic atomic displacement parameters (U iso ) from both the neutron and X-ray refinements presented here and those from the earlier study by Shirako et al. (2012) all agree in that the Ni and Co atoms have the smallest displacement parameters. Beyond that, the results are much less consistent. All refinements from powder data (Table 1a and Shirako et al., 2012) produce a clear sequence of U iso (Na) > U iso (F) > U iso (Co/Ni), whereas the results from the single-crystal X-ray refinement of NaNiF 3 , which must be considered more reliable than those from powder data, show that the magnitudes of the displacement parameters of the fluorine ions are much more similar to that of the sodium ion.
The probability ellipsoids for the single-crystal X-ray refinement of NaNiF 3 post-perovskite with anisotropic displacement parameters (Table 1c ) are shown in Fig. 4 . We believe that these values are significantly more reliable than those published previously for other post-perovskite structures as they were obtained by single-crystal diffraction from a sample in which absorption was not large, in which the B cation did not dominate the scattering, and with a data set for which the number of unique reflections collected with F obs > 4(F obs ) is nearly 20 times the number of refined parameters (30 times if all the unique reflections collected are considered). In particular, the displacement parameters of the F1 atoms correspond to a probability density that closely resembles a prolate spheroid, with its largest component parallel to the b (a) NaNiF 3 probability ellipsoids determined from the single-crystal X-ray diffraction data (Table 1c) ; the left-hand picture shows the view down [100] and the right-hand picture the view down ½0 " 1 10. The ellipsoids are drawn at the 90% probability level. One of the NaF 8 coordination polyhedra is shown in the left-hand image and one of the NiF 6 octahedra is shown in both images. Bond lengths and bond angles for NaCoF 3 and NaNiF 3 post-perovskites at ambient temperature and pressure: (a) as determined by neutron powder diffraction at the ISIS Polaris beamline; (b) as determined by X-ray single-crystal diffraction at the Diamond Light Source I15 beamline (isotropic refinement); (c) as for (b) but with anisotropic displacement parameters.
Numbers in parentheses are estimated standard uncertainties and refer to the least-significant digits. In columns 2, 3 and 14, B indicates Co or Ni as appropriate. See Fig. 1 for the locations of bonds and angles. OAV is the octahedral angular variance, a measure of octahedral angular distortion (see text). B-F1/B-F2 is a measure of octahedral bond distortion. The void volume V void is defined as [(unit-cell volume/4) À V poly À V oct ], where V oct is the volume of the BF 6 octahedron and V poly that of the NaF 8 hendecahedron.
(a) NaCoF 3 2.0180 (4) 2.0621 (4) 2.296 (1) 2.449 (1) 2.593 (1) (1) axis of the unit cell (Fig. 4) , a pattern of atomic displacement that corresponds to rotational motion of the NiF 6 octahedra about the a axis, changing the tilt angle with respect to the c axis. This pattern of atomic motion might be expected also to produce a probability distribution for the F2 atoms with the largest component of displacement sub-parallel to the c axis, as is indeed observed (Table 1c ). These results do not agree with those previously presented for single-crystal X-ray studies of CaIrO 3 post-perovskite, in which Sugahara et al. (2008) found a high degree of anisotropy in the atomic displacements, with the O1 probability ellipsoid taking the form of an oblate spheroid with its smallest component parallel to the b axis of the crystal (Fig. 4d) . In contrast, Hirai et al. (2009) reported that they found no significant anisotropy in the displacement parameters of any atoms in CaIrO 3 (Fig. 4c) and suggested that the anisotropy seen by Sugahara et al. (2008) was an artefact resulting from an inadequate absorption correction (the absorption coefficient of CaIrO 3 is very high, being $61 mm À1 for Mo radiation). For CaPtO 3 , Lindsay-Scott et al. (2011) reported anisotropic displacement parameters at high temperature (869 K) determined from neutron powder data. The reliability of these results is, however, also questionable, as it was noted that the refined values of the displacement parameters were sensitive to both the absorption correction and the preferred orientation correction used. The four bond lengths and three angles that define the postperovskite structure [as described in detail by and summarized in the caption to Fig. 1] for NaCoF 3 and NaNiF 3 are shown in Table 2 , together with the volumes of the NaF 8 polyhedra, the CoF 6 or NiF 6 octahedra, and the void space in the unit cell occupied by neither of these structural units. Two measures of BF 6 octahedral distortion are also shown: firstly the octahedral angular variance, OAV [OAV = (1/12) P [(F-B-F) -90] 2 , where F-B-F refers to the 12 vertex-centre-vertex angles, which would all be equal to 90 for regular undistorted octahedral coordination], and secondly the ratio of octahedral bond lengths, B-F1/B-F2, where B = Co or Ni. In an undistorted octahedron the OAV is 0 and the octahedral bond length ratio is 1. Table 3 Derived structural parameters for ABX 3 post-perovskite phases.
For the meanings of the symbols, see text, Fig. 1 and Lindsay-Scott et al. (2011) . All measurements are at atmospheric pressure and room temperature unless stated otherwise. XSCD: single-crystal X-ray diffraction. XPD: X-ray powder diffraction. NPD: neutron powder diffraction. b/a c/a Á 1 ( ) Both the unit-cell volume and the BF 6 octahedral volume of NaCoF 3 post-perovskite are larger than those of NaNiF 3 postperovskite (Tables 1 and 2) . This supports the hypothesis that the Co 2+ ion in NaCoF 3 post-perovskite has a high-spin state at ambient pressure and temperature (see e.g. Putnis, 1992) , as the radius of the six-coordinated high-spin Co 2+ ion is larger (0.885 Å ; Shannon, 1976 ) than that of the Ni 2+ ion (0.830 Å ), which is itself larger than that of the low-spin Co 2+ ion (0.790 Å ). Apart from these small differences in unit-cell volumes, the structures of the two compounds are very similar. The value of the B-F1/B-F2 ratio is slightly further from 1.0 in NaCoF 3 , whereas the OAV is slightly greater in NaNiF 3 (though the difference is not statistically significant). The zigzag chain of 'apical' F1 ions in NaCoF 3 (see Lindsay-Scott et al., 2011, for nomenclature) is slightly more tilted about the a axis than in NaNiF 6 (angle Á 1 ), but the inclination of the 'central plane' of the octahedra is very similar in the two compounds (angle Á 2 ), whereas the angle p indicates a slightly greater distortion of the central plane of the BF 6 octahedron in NaNiF 3 .
On the basis of their crystal structures, it would appear that NaCoF 3 and NaNiF 3 provide better analogues to MgSiO 3 post-perovskite as it would exist under D 00 conditions than do oxides such as CaIrO 3 and CaPtO 3 . Table 3 shows various structural parameters that may be derived from the unit-cell parameters and atomic coordinates of ABX 3 post-perovskite phases. The values for MgSiO 3 and Mg 1Àx Fe x SiO 3 in this table are necessarily less well determined than for the analogue phases owing to the much greater difficulty of performing the experiments. Partly because of this uncertainty in the results for (Mg,Fe)SiO 3 , there is no clear advantage between the fluoride and oxide analogue phases for some parameters, such as the angles Á 1 and Á 2 and the various polyhedral volume percentages. However, as discussed by Dobson et al. (2011) , the axial ratios of NaCoF 3 and NaNiF 3 are much more similar to those found in (Mg,Fe)SiO 3 post-perovskite at high pressure and at high pressure and temperature than is the case for CaIrO 3 , CaPtO 3 and other CaBO 3 post-perovskites. Similarly, for (Mg,Fe)SiO 3 , the values of both the OAV and the parameter p, which describes the degree of deviation from a square of the rectangular central plane of the SiO 6 octahedron, are much smaller than those found for the corresponding quantities in CaIrO 3 or CaPtO 3 . Although the values for NaCoF 3 and NaNiF 3 do not provide a perfect match for OAVand p, the two fluoride analogues do show much closer agreement with (Mg,Fe)SiO 3 than do the oxides. As discussed by Dobson et al. (2011) , further advantages of the fluoride analogues are that single crystals may be readily grown and recovered to atmospheric pressure and room temperature and that it is quite likely that solid solutions can be formed by substitution on both the A and B cation sites, giving the possibility of tuning the properties of the material. Samples of NaCoF 3 have been left under ambient conditions in our laboratory at UCL for over a year, during which time only minimal spontaneous transformation from the post-perovskite to perovskite phase occurred. This material is, therefore, sufficiently metastable that no special storage conditions are needed.
